This article presents experimental and numerical studies on the effect of free stream turbulence on evolution of flow over an autonomous underwater vehicle 
Introduction
Mapping and monitoring the marine environment is critically important for a variety of applications. However in many scenarios, like mapping the sea floor, the presence of humans is expensive and impracticable. This necessitates robotic vehicles that can move through the ocean without real-time control by human operators. Such autonomous underwater vehicles (AUVs) are used extensively for underwater research, environmental monitoring, sea-probes and also for inspection and maintenance of offshore structures and do not require any direct human control while collecting data [1] . These have wide range of applications in defense, oil exploration, and, policy sectors such as geohazard assessment associated with oil and gas infrastructure.
Investigation of the hydrodynamic performance of AUV has substantial significance in the design of AUV. Several experimental and numerical studies are available in the literature in which the evolution of hydrodynamic coefficients over AUV hulls were studied to better understand the hydrodynamic forces and moments acting on the AUV under various conditions [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] . Jagadees et al. [2] made experimental analysis of hydrodynamic force coefficients at different angle of attacks and Reynolds numbers over the standard hull form. Saeidinezhad et al. [3] analyzed the effect of Reynolds numbers on the pitch and drag coefficient of a submersible vehicle model. Javadi et al. [4] conducted experimental analysis of the effect of bow profiles on the resistance of the AUV in a towing tank at different Froude numbers and have studied the variability of the friction drag with Froude numbers. Alvarez et al. [13] examined the wave resistance on the AUV operating near the surface. Wu et al. [14] explored the hydrodynamics of an AUV approaching the dock at different speeds in a cone-shaped dock under the influence of ocean currents. Tyagi and Sen [10] predicted the transverse hydrodynamic coefficients over an AUV hull, that are important in maneuverability study of marine vehicles.
The design of AUVs involves Computational Fluid Dynamics (CFD) simulations, relying on turbulence models to account for the effects of turbulent flow. Consequently the predictive fidelity of different turbulence models for AUV flow simulations is critically important. Several researchers have assessed the performance of different turbulence models in analyzing the hydrodynamic performance of AUV. Jagadeesh and Murali [15] have studied the hydrodynamic forces on AUV hull forms using various low-Re version of two-equation turbulence models [15] , since those can capture the low turbulence levels in the viscous sublayer and the effects of damped turbulence. Sakthivel et al. [16] used a nonlinear version of the two equation turbulence model [17] to capture the flow physics arising from the cross flow interaction with hull at higher angle of attacks. Jagadeesh et al. [2] validated the model predictions of [18] against the experimental results of hydrodynamics coefficients over a AUV hull form. Mansoorzadeh and Javanmard [19] have studied the effect of free surface on drag and lift coefficients on AUV at different submergence depths using both k − and shear stress transport(SST) model [20] and observed that hydrodynamic coefficients were very responsive to the submergence depth and AUV speed. Salari and Rava [21] studied the hydrodynamics over an AUV near the free surface and have analyzed the wave effects on AUV at different depths from sea surface by using both k − and 4 equation turbulence/transition model of [22] which can accurately predict laminar turbulent transitions. Leong et al. [23] analyzed the hydrodynamic interaction effects of AUV nearer to a moving submarine and studied the interactive force and moments. More recently [24] used Large Eddy
Simulations (LES) to analyze the hydrodynamic coefficients along an AUV with fish tail shape and effect of fish tail shape on the resistance and stability.
A majority researchers have used simple two equation turbulence models for analysis of flow along the AUV, the recent emphasis has been shifted to Reynolds stress models [25, 26, 27, 28, 29] . The turbulent flow over AUV bodies often manifests complexities, such as flow separation or significant streamline curvature.
The formulation of eddy viscosity based models involves many simplifications and assumptions that limit their accuracy for such complex turbulent flows [30] .
For example, in turbulent flows with significant streamline curvature the predictions of eddy-viscosity based turbulence model is deficient [31] . In turbulent flows with flow separation, linear eddy-viscosity based models are unable to capture the effects of flow separation [32] . For the complex turbulent flow over the AUV body, Reynolds stress models have the potential to provide better predictions than simple two equation eddy-viscosity based models at a computational expense significantly lower than large eddy simulations and direct numerical simulations. The critical component of Reynolds stress models are the pressure strain correlation closures that can capture the directional effects of the Reynolds stresses and additional complex interactions in turbulent flows ( [33] ) near the wall mainly the wall echo effects [34] . They have the ability to accurately model the return to isotropy of decaying turbulence and the behavior of turbulence in the rapid distortion limit ( [35, 36, 37, 38] ). Due to the complex nature of the flow over the AUV form, involving both significant streamline curvature and often flow separation, the use of eddy-viscosity based models may not be optimal for the design and optimization of such structures. Similarly, AUVs operating in deep ocean and river basins often interact with complex turbulence fields because of bed slope and irregular deposition of sediments, which has significant effect on the evolution of turbulent stresses and subsequently on the hydrodynamic parameters such as pressure, skin friction, drag and lift coef- 
Experimental setup
The experiments were conducted in a recirculating water tank at the depart- The diameter of the hemispheres is equal to the diameter of the cylinder. The shape of the AUV hull in this work is based on the geometrical configuration investigated in [19] . Since our main interest is to study the effect of free stream turbulence on flow evolution along the AUV hull, fins were not attached to the hull.
In this setup, the stream wise direction is along the x-axis, transverse direction is y axis and z is the vertical direction. The measured instantaneous velocities along the y and z axes are small in comparison to the velocity in x direction. U, V and W are the horizontal, transverse and vertical mean velocities in x, y and z directions respectively.
An ADV was used in our experiment to measure instantaneous velocity components at six different locations downstream of the grid across the AUV, which is mostly suitable for flow measurements in laboratory flumes and hydraulic models with higher sampling rate up to 200 Hz. At each location the ADV was fixed for five minutes, which is sufficient to obtain converged and stable instantaneous velocity data as reported in literature [40] . A spatial and temporal resolution of 1cm 3 and 200Hz respectively can be achievable through the ADV used in the experiment.
An ADV can measure instantaneous flow velocities at high sampling rates with very small sampling volume and works on the principle of Doppler shift.
The three main components of ADV are a signal conditioning electronic module, sound receivers and sound emitter. The schematic of the acoustic doppler velocimeter is shown in figure 3 . More information on the ADV operation and working principle is available in [39] .
Such experimental data has small errors and uncertainties associated with it, that need to be identified and estimated [41] . The main source of error in the ADV system are the orientation of the probe, local fluid flow properties, velocity range and sampling frequencies. The accuracy of ADV mean flow velocities are with in one percent [40] . The maximum achievable sampling frequency is 200 Hz, with such high frequency, accuracy of 0.5 percent of measured value ±1 mm/s can be achieved for the water velocity. The errors associated with
Reynolds stress are with in 1% of the estimated true value as reported in [40] for a sampling frequency of 25 Hz.
The experiments were conducted for two different cases in the recirculating water tank. In the first experiment only with AUV flow was investigated and the second one involved the AUV with a turbulence generating grid (hereafter denoted by OA and TA respectively).
Data Analysis
The data collected from the acoustic doppler velocimeter were decomposed into mean and fluctuating velocities in stream-wise, transverse and vertical directions.
The stream-wise mean(U ) and fluctuating(u) velocities were be calculated from the following formula:
Similar formulas were employed to calculate the mean and fluctuating velocities in other two directions.
The turbulent kinetic energy is defined as k = 
Numerical modeling details
The Reynolds stress transport equation has the form:
where,
P ij denotes the production of turbulence, T ijk is the diffusive transport, ij is the dissipation rate tensor and φ ij is the pressure strain correlation. The pressure fluctuations are governed by a Poisson equation:
The fluctuating pressure term is split into a slow and rapid pressure term
Slow and rapid pressure fluctuations satisfy the following equations
It can be seen that the slow pressure term accounts for the non-linear interactions in the fluctuating velocity field and the rapid pressure term accounts for the linear interactions. A general solution for φ ij can be obtained by applying
Green's theorem to equation (7):
The volume element of the corresponding integration is dV ol * . Instead of an analytical approach, the pressure strain correlation is modeled using rational mechanics approach. The rapid term can be modeled by assuming the length scale of mean velocity gradient is much larger than the turbulent length scale and is written in terms of a fourth rank tensor [35] φ R ij = 4k
where, R ij (r) = u i (x)u j (x + r)
For homogeneous turbulence the complete pressure strain correlation can be written as
The most general form of slow pressure strain correlation is given by
Established slow pressure strain correlation models including the models of [42] and [43] use this general expression. Considering the rapid pressure strain correlation, the linear form of the model expression is
Here b ij = uiuj 2k − δij 3 is the Reynolds stress anisotropy tensor, S ij is the mean rate of strain and W ij is the mean rate of rotation. Rapid pressure strain correlation models like the models of [38] use this general expression.
The wall reflection term, redistributes the normal stress near the wall and it damps the component of Reynolds stress which is perpendicular to the wall and enhances the Reynolds stress parallel to the wall as reported in [35] . The wall reflection has both slow and rapid contributions and can be written as:
where, n k and x k are the components of the unit normal to the wall, d is the normal distance to the wall [34, 20] .
The computational fluid dynamics(CFD) simulations were performed using the ANSYS Fluent solver [20] . The incompressible Navier-Stokes equations were solved utilizing a control volume based method. The velocity and pressure fields were coupled using the SIMPLE scheme (Semi-Implicit Method for Pressure Linked Equations). The model was generated using GAMBIT meshing utility and create spatial meshes predominantly consisting of tetrahedral elements. For mesh independence 3 different meshes of increasing resolution were generated.
These had 0.7×10 6 , 1. 
Results and discussions

Experimental results
The measurement of instantaneous three dimensional velocities were taken along the length of the AUV at a distance of 0.05 m from the side walls and at six equidistant points starting from the beginning towards the end of the AUV hull. The mean velocity measurement is non-dimensionalised by U (the time averaged free stream mean velocity), the stresses and turbulent kinetic energy are non-dimensionalised by U 2 .
In figure 4 , the profile of mean velocity is shown for both OA and TA cases for three different grid Reynolds numbers. The error bars were also included in the figures to accommodate the uncertainties in the measurements. Case 1, this is because of the addition of wall reflection term to the pressure strain correlation modeling basis [34] . From figure6b it is clear that, the wall reflection term accurately captures the modified pressure field in the proximity of the rigid AUV wall and impede the transfer of energy from the stream wise direction to that normal to the wall. So for all the simulations in this paper the pressure strain model with the wall reflection term (Case 2) is considered.
Numerical results
The drag coefficient is given by:
Where, F d is the drag force acting on the cylinder, A is the area of the external surface of the model. The periodic fluctuations of the flow exerts certain force on the AUV hull and that is characterized by the lift coefficient:
The pressure coefficient is defined as:
Where, p is the pressure at the point for which pressure coefficient is calculated. and reduces the length of recirculation zone behind a bluff body [45, 46] , and results in drag reduction with increase in turbulence kinetic energy [47] . figure 12 for the OA case, a similar trend was also observed for the evolution of C d and C l in the experiments of [2] . As observed from figure 10a the free stream turbulence turbulence reduces the C d at all five angle of attacks. Turbulence and AUV (TA) case.
In figure 10b the variation of C L is presented for five AOA. It is noticed that with increase in AOA lift coefficient increases.
Effect of FST on hydrodynamic parameters at different submergence depths
In figure 13 the skin friction coefficient evolution for different submergence depths is presented for both the OA and TA cases. h/r=0 is the central line of the water tank. It is observed that, h/r ratio has a negligible effect on the C f evolution. However in presence of free stream turbulence, a reduction in C f value is noticed towards the end of the AUV. The evolution of C p is shown in figure 14 . It is observed that h/r ratio has negligible effect on the pressure coefficient evolution along the AUV hull. In presence of free stream turbulence at all three h/r ratios the pressure coefficient has a larger magnitude towards the end of the AUV hull. Figure 15 
Concluding remarks
This study reports results of hydrodynamic coefficients evolution along an AUV hull at three different volumetric Reynolds numbers using high fidelity 
